Lactating mammals usually exhibit a breakdown of immunity to parasites, i.e. they have larger worm burdens than their non-lactating counterparts. Here, we tested the hypothesis that a secondary infection with Nippostrongylus brasiliensis in lactating rats is sensitive to dietary protein content. We also tested whether this infection affects host food intake. Rats either remained uninfected throughout the study or were given a single infection before mating (primary infection) and re-infected on day 2 of lactation (secondary infection) with 1600 infective larvae. Infected rats were fed foods during lactation formulated to supply 100 (low protein; LP), 200 (medium protein; MP) or 300 (high protein; HP) g crude protein per kg DM; non-infected rats were fed either the LP or HP food. Litter size was standardized to ten pups between parturition (day 0) and secondary infection (day 2). Ten days after secondary infection, MP and HP rats had excreted fewer nematode eggs, and had fewer adult nematodes in their small intestine and nematode eggs in their colon than the LP rats. Primary infection increased food intake in late pregnancy, and increased maternal body weight and litter size at parturition. Secondary infection did not affect mean food intake, maternal and litter weight, although food intake was reduced for 1 d following infection. These results support the view that a secondary infection with N. brasiliensis is sensitive to dietary protein content, and that the latter infection does not impair lactational performance. Future studies may focus on elucidating the nutritional sensitivity of immune responses underlying the reduced secondary N. brasiliensis infection.
Animals acquire immunity to most parasites due to their continuous exposure towards them. However, the expression of acquired immunity to parasites can break down, particularly during the periparturient period. This phenomenon has long been recognized for gastrointestinal nematode parasites in sheep (Taylor, 1935) , where it is associated with an increased gastrointestinal nematode burden and increased excretion of nematode eggs onto the pasture. This contributes to the epidemiology of infection, as it makes parasitized, periparturient sheep a major source of infection for their parasite-naïve offspring. However, periparturient breakdown of acquired immunity is not limited to gastrointestinal nematodes and sheep, but has been observed for a wide range of pathogens and hosts, including man (Houdijk et al. 2001a) . Various hypotheses have been put forward to account for the phenomenon in sheep (Barger, 1993) , but it remains poorly understood.
It has recently been suggested that periparturient breakdown of immunity to parasites may have a nutritional basis, as it could result from partially prioritized scarce protein allocation to reproductive functions (e.g. milk production) rather than to immune functions (Coop & Kyriazakis, 1999) . Such a hypothesis would best be addressed in animals where relatively large differences in the degree of protein scarcity can be attained. The nutrient requirements of lactating rats can increase up to tenfold, relative to nutrient requirements for maintenance, through manipulation of the number of suckling pups, and a wide range of protein supply can be achieved (Jessop, 1997) . These manipulations suggest that the lactating rat is a suitable animal to achieve large differences in the degree of protein scarcity. In addition, rats acquire a strong immunity to the intestinal nematode Nippostrongylus brasiliensis; immune rats rapidly expel adult N. brasiliensis during a secondary infection (Jarrett et al. 1968) , but a breakdown of immunity to N. brasiliensis occurs during re-infection in the lactating rat (Houdijk et al. 2003a) . Moreover, immune expulsion of N. brasiliensis bears considerable similarities with those observed in small ruminants (Rothwell, 1989) . Therefore, the N. brasiliensis re-infected lactating rat model would be an appropriate one for elucidating a possible nutritional basis of periparturient breakdown of immunity to parasites.
In a previous study (Houdijk et al. 2003a) , feeding a high-protein (HP) food did not result in a reduced breakdown of immunity to N. brasiliensis in lactating rats. However, the observed food intake was considerably lower than that in parasite-free lactating rats, kept under the same nutritional protocol (Pine et al. 1994) . Houdijk et al. (2003a) argued that the observed food intake may have resulted in a scarce protein supply for all rats, even for those on the HP food. Under those conditions, the increased protein supply would not have been expected to improve expression of immunity to parasites (Coop & Kyriazakis, 1999; Houdijk et al. 2001a) .
The present experiment re-addressed whether breakdown of immunity to N. brasiliensis in lactating rats is sensitive to dietary protein content, by using foods with higher protein contents and lower gross energy contents than used in Houdijk et al. (2003a) . The lower gross energy contents were expected to result in increased food intake (Friggens et al. 1993) . However, the lower than expected food intake in Houdijk et al. (2003a) could also have been due to the parasite infection per se. Therefore, in the present experiment, non-infected lactating rats were included to test whether infection with N. brasiliensis affects food intake during lactation. In the present experiment, changes in the degree of parasitism are considered as indirect indicators of changes in the degree of expression of immunity to N. brasiliensis. If it can be demonstrated that a secondary infection with N. brasiliensis in lactating rats is indeed sensitive to host (protein) nutrition, then future studies may focus on nutritional sensitivity of underlying immune responses.
Materials and methods

Animals and housing
Thirty-four second-parity, female Sprague -Dawley rats (Harlan Ltd, Loughborough, UK) were housed in a room regulated at 20 -218C with relative humidity between 45 and 65 % and with a light period from 08.00 to 20.00 hours. The experiment started 45 d before the realized mean parturition date (day 245), with the parturition date being the morning when parturition was observed to have finished (day 0). Rats were individually housed in solidbottom cages during most of the experiment, but were housed on wire-bottom cages for overnight faeces collection during the primary infection and during mating, as described previously (Houdijk et al. 2003a ). Mating took place over a 9 d period and was confirmed through the presence of a vaginal plug.
Foods
All rats were given ad libitum access to standard rat chow (202 g digestible crude protein (CP) and 12·2 MJ digestible energy per kg DM; B&K Universal Ltd, Hull, UK) until mating was confirmed. Mated rats were given ad libitum access to a HP food (210 g CP/ kg DM) from day 2 23 to day 2 13, followed by a low-protein (LP) food (60 g CP/kg DM) from day 2 13 until parturition. The diets were essentially the same as used previously (Houdijk et al. 2003a) , with the exception of inclusion of cellulose (100 g/kg DM) to stimulate faecal formation. The two levels of CP nutrition during gestation were used to manipulate body protein content in order to minimize protein supply from such body protein reserves during lactation, since this can to some extent compensate for dietary protein scarcity during lactation (Pine et al. 1994) .
Following parturition, lactating rats were given ad libitum access to one of three isoenergetic foods: LP (100 g CP/kg DM), medium protein (MP; 200 g CP/kg DM) or HP (300 g CP/kg DM). Three levels of CP were used in order to confirm that protein supply would not be limiting in this experiment. All diets were formulated to contain 18·0 MJ gross energy/kg DM. Table 1 presents the ingredients and the chemical analysis of the experimental foods offered during lactation.
Infection and experimental design
A subgroup of twenty-two rats received a primary infection on day 238, followed by a secondary infection on day 2 (infected), according to the previously established infection protocol (Houdijk et al. 2003a) . Both infections consisted of 1600 third-stage infective N. brasiliensis larvae, which were suspended in 0·5 ml sterile PBS and were administered by subcutaneous injection in the hindlimb. The remaining rats were not infected but were injected with PBS at the same time (control).
The experiment consisted of five treatments, i.e. an incomplete 2 £ 3 factorial combination of dietary protein and level of infection. The control rats were offered either the LP or HP food for 12 d during lactation, whilst infected rats were offered the LP, MP or HP food for the same period. The MP food was used to confirm that the protein supply for the HP food was not limiting, and was therefore not needed for both control and infected rats. The first two control rats whose litter size was standardized to ten pups were randomly allocated to either LP-C or HP-C. Likewise, the first three standardized infected rats were allocated to LP-I, MP-I or HP-I. These procedures were aimed to be repeated six times to obtain six replicates for each of the five treatments. However, one rat produced very few pups, two rats had dead litters and three rats were not pregnant. Therefore, achieved replications were six for LP-C, LP-I and MP-I, and five for HP-C and HP-I. Litter size standardization continued until day 2, using the pups from nonexperimental rats. All infected rats were killed 10 d after secondary infection (day 12 of lactation) for the assessment of worm burdens and nematode egg counts in the colon contents (see later).
Sample collection and measurements
Body weight and food intake. All rats were weighed daily from arrival in the animal house onwards, to accustom them to the daily weighing during gestation and lactation. Food intake during pregnancy and lactation was measured daily by weighing used food jars and replacing them with filled food jars of a known weight. Foods were sampled during their preparation for the analysis of DM, diethyl ether extract, acid-detergent fibre (cellulose), ash and CP (6·25 £ Kjeldahl-N). The latter was used to calculate achieved CP intake during lactation. From the morning of day 0 onwards, pups were counted, weighed and litter size was standardized. However, from day 2 onwards, litter sizes were no longer standardized.
Nematode egg counts and worm burden. Faeces were collected as described before (Houdijk et al. 2003a) , from day 2 33 to day 226 (i.e. days 5 to 12 after primary infection), for monitoring the primary infection through the assessment of faecal egg counts. In addition, a faecal egg count was also carried out in the faeces produced over three 24 h periods during lactation. For this purpose, bedding of the solid-bottom cage was replaced with fresh bedding on the mornings of day 7, day 9 and day 11, and total faeces collection took place on the morning of day 8, day 10 and day 12. On day 12, rats were sedated through progressively increasing CO 2 inhalation, and then killed humanely by CO 2 asphyxiation. Large intestinal contents were collected, weighed and assessed for the number of nematode eggs, and adult nematodes were harvested from the small intestine, both as described before (Houdijk et al. 2003a) . The nematodes obtained were stored in formaldehyde, pending the assessment of their number and sex.
Calculations and statistical analysis
Nematode egg excretion was calculated for each of the aforementioned three 24 h periods by multiplying the nematode egg count in the faeces with the amount of faeces produced. Likewise, the number of nematode eggs in the colon was calculated by multiplying the nematode egg count in the colon content with its amount. Because of their skewed nature, the data on nematode egg output and worm burden were transformed according to logðn þ 1Þ to normalize them before statistical analysis. These data are reported as back-transformed means with 95 % CI, and were calculated as 10 a 2 1 with a ¼ m þ 0·5s 2 (Johnson et al. 1988) , where m is the mean, lower or upper limit of the 95 % CI of the transformed data and s is the standard deviation of the transformed data. The arithmetic means and either SE or SED are reported for the non-transformed data.
The first hypothesis (secondary infection of N. brasiliensis in lactating rats is sensitive to dietary protein contents) was assessed through an ANOVA for the effect of feeding treatments LP-I, MP-I and HP-I on nematode egg output and worm burden. The second hypothesis (infection with N. brasiliensis affects host food intake) was assessed through a 2 £ 2 factorial design on achieved DM intake during lactation, using dietary protein (LP and HP), infection status (control and infected) and their interaction as the independent factors. This model was also used to assess treatment effects on maternal and litter body weight. These analyses included pre-infection maternal body weight as a covariate. ANOVA for intake, maternal and litter body weight, and nematode egg excretion were used within a repeated-measures procedure (split-plot model). The main-plot factors (dietary protein, infection and their interaction) were tested against the main-plot error, which implicitly represented the random animal effect. Time and main factors £ time interactions were tested against the residual error in the split plot. The df from the split plot within the repeated-measures procedure were multiplied with the Greenhouse -Geisser 1 factor, in order to test effects measured over time more conservatively (Littel et al. 1998 ). An additional ANOVA was carried out using the factorial model on each time point during lactation when interactions with time were significant. The results on intake, maternal and litter body weight were considered significant at P, 0·005, i.e. these were adjusted for multivariate ANOVA. However, it was decided a priori to also analyse DM intake during lactation through an antedependence model for repeated measurements. Such a model for repeated measures was considered more appropriate than a split-plot model because it does not rely on the presence of interactions with time to identify whether infection would affect food intake. If such an effect was present, then it would be short-lived (Mercer et al. 2000) , and it was anticipated that the split-plot model for repeated measurements ANOVA would not be sufficiently sensitive to detect such temporary changes. All statistical analyses were performed with Genstat 6 (Release 6.1.0.200; Lawes Agricultural Trust, Rothamsted, UK).
Results
Faecal egg counts during primary infection and performance until parturition
Ten of the twenty-two infected rats had started to excrete small numbers of nematode eggs in their faeces by day 2 33, averaging 31 (95 % CI 18, 52) eggs/g, and all rats excreted nematode eggs by day 2 32. Mean faecal egg counts then increased rapidly to peak on day 230 at 9742 (95 % CI 8648, 11 366) eggs/g. The faecal egg counts then decreased gradually, and all rats stopped excreting nematode eggs by day 2 26, i.e. 12 d after primary infection.
Infection status did not affect body weight and food intake between day 2 23 and day 213, when the rats were fed the HP gestation food (Fig. 1) . The rats grew on average from 288 (SE 5) g to 328 (SE 5) g and their DM intake averaged 18·1 (SE 0·3) g/d during this period. However, infection status affected rat body weight and food intake from day 2 13 until parturition (Fig. 1) . During this period, the control and infected rats grew to 363 and 405 g on day 2 1, respectively (SED 8; df ¼ 25; P, 0·001), and the DM intake of the LP gestation food averaged 13·7 and 17·4 g/d, respectively (SED 0·9; df ¼ 25; P,0·001).
Infection status affected the parturition weight of the rat and her litter. Body weight on day 0 averaged 286 and 313 g for the control and infected rats, respectively (SED 7; df ¼ 25; P, 0·001) and the litter weight averaged 56·2 and 67·5 g, respectively (SED 4·7; df ¼ 25; P¼0·019). Mean pup weight did not differ, averaging 5·5^0·1 g, but natal litter size tended to be lower for the control rats than for the infected rats (10.5 v. 12.6 pups; SED 1·2; df ¼ 28; P¼0·104).
Nematode egg excretion, eggs in colon and worm burden following secondary infection Table 2 shows the back-transformed mean nematode egg excretion on days 8, 10 and 12 of lactation. Across time, HP-I rats excreted fewer eggs than LP-I and MP-I rats (P¼0·023). However, time and feeding treatment interacted for daily egg excretion (P¼0·039), which was reflected in different effects of feeding treatment at the different time points; HP-I rats excreted fewer eggs on day 8 and day 10 than LP-I and MP-I rats, while both MP-I and HP-I rats tended to excrete fewer nematode eggs than LP-I rats on day 12 (Table 2) . Feeding treatment significantly affected the number of nematode eggs found in the colon and the worm burden (Fig. 2) , with LP rats having a larger number of nematode eggs in their colon (P, 0·001) and a larger number of worms in the small intestine than the MP and HP rats (P¼ 0·005). Feeding treatment did not significantly affect the percentage of male and female worms; the percentage of male worms averaged 31·6^3·3.
Performance during secondary infection
Feeding treatment and time significantly interacted for DM intake (P, 0·001); the LP rats had lower DM intake than the HP rats from day 6 onwards, and this difference increased over time (Fig. 3) . The associated mean achieved CP intake of the LP and HP rats was 2·0 and 7·9 g/d, respectively (SED 0·2 g/d; df ¼ 18; P, 0·001). The split-plot model for repeated measures did not detect significant interactions between infection status and time (P¼0·30), and between feeding treatment, infection status and time (P¼ 0·37) for DM intake. However, the ANOVA through the antedependence model revealed that control rats had higher DM intake than infected rats on day 4 and day 5 (P¼0·028). DM intake of the control and infected rats averaged 23·7 and 17·8 g on day 4 (SED 1·6 g; df ¼ 18; P¼0·002) and 25·0 and 22·0 g on day 5 (SED 1·5 g; df ¼ 18; P¼0·055), respectively. Significant effects of interactions between feeding treatment and infection status on DM intake were not observed through the antedependence model.
None of the five experimental groups had a mean number of pups born that was significantly smaller than ten, i.e. the standardized litter size, and subsequent feeding treatment and infection status did not affect pup survival (mean litter size on day 12 was 9·9^0·1 across treatment groups). Feeding treatment and time significantly interacted for maternal and litter body weight (P,0·001); the LP rats had lower maternal and litter body weights than the HP rats from day 6 and day 2 onwards, respectively, and this difference increased over time (Fig. 3) . Infection status affected maternal but not litter body weight; pooled over feeding treatment and time during lactation, the control rats weighed less than the infected rats (281 v. 295 g; SED 6 g; df ¼ 18; P¼ 0·048). There were no significant infection status £ time or feeding treatment £ infection status £ time interactions on maternal and litter body weight, although there was a tendency for maternal body weight to converge, especially for the HP rats (Fig. 3) . Mean DM intake, achieved CP intake, maternal and litter body weight of the MP-I rats during lactation was 30·6 (SE 1·3) g/ d, 5·6 (SE 0·2) g/d, 334 (SE 10) g and 133 (SE 11) g, respectively. These were similar to those from the HP-I rats.
Discussion
The hypothesis tested was that a secondary infection with N. brasiliensis in lactating rats is sensitive to dietary protein content. This hypothesis could not be tested in Houdijk et al (2003a) because the food intake achieved was lower than expected. In the present experiment, DM intake of the MP-I rats was approximately 20 % higher than that in the aforementioned study, whilst gross energy intake was similar. Since the lactational performance of the HP and MP rats was similar, it can be concluded that protein Fig. 1 . Body weight during pregnancy (a) and DM intake (b) of rats either immunized through a single infection with Nippostrongylus brasiliensis on day 2 38 (X) or sham-infected (W). Rats were fed a high-protein food from day 2 23 until day 2 13 (210 g crude protein/kg DM), followed by a low-protein food until parturition (60 g crude protein/kg DM). Values are least square means with standard errors shown by vertical bars. supply from the MP and HP foods was not scarce. Hence, the hypothesis can be addressed by comparing nematode egg excretion and worm burdens of the LP-I rats with those of the MP-I and HP-I rats. Relative to the LP rats, faecal nematode egg excretion, number of nematode eggs in the colon and worm burden of the MP and HP rats were on average reduced by 53, 74 and 63 %, respectively. These results may have been the outcome of at least one of three mechanisms. First, these results may be the outcome of improved expression of immunity due to an increased protein intake. Expression of immunity to N. brasiliensis is sensitive to host protein supply (Bolin et al. 1977; Cummins et al. 1987) , and studies in lactating farm animals would support this view (Chartier et al. 2000; Donaldson et al. 2001; Houdijk et al. 2003c; Kahn et al. 2003) .
Second, the observed effects may be the outcome of improved expression of immunity due to an increased intake of any nutrient and/or energy, as the increased protein intake from the MP and HP foods coincided with an increased intake per se. Most studies in ruminants have shown that expression of immunity to gastrointestinal parasites is not sensitive to moderate changes in energy supply (Bown et al. 1991; Donaldson et al. 1998; Houdijk et al. 2000) . Whilst there is no evidence to suggest that intake of carbohydrates per se affects immunity, fat intake may affect host immunity (Yaqoob, 2004) . The latter is, however, more likely related to increased intake of n-3 rather than n-6 fatty acids, derived from the maize oil used in the present experiment. Vitamin and mineral intake has also been associated with immunity (Koski & Scott, 2001 ). However, the foods used were formulated to provide more than sufficient minerals and vitamins (National Research Council, 1995) for any level of lactational performance, suggesting that the latter were unlikely to be scarce. Third, the increased food intake could have changed the gut environment into a less favourable one for parasite survival, mediated through effects of rate of passage or intake of specific food components. There is evidence that fibre nutrition can affect gastrointestinal parasitism (Herbert & Nickson, 1969; Pearce, 1999; Petkevicius et al. 1999) . Achieved mean fibre (cellulose) intake for the LP, MP and HP rats was 1·1, 1·7 and 1·6 g/d (SED 0·1; df ¼ 15; P, 0·001). However, it is unlikely that the increased intake of cellulose affected the degree of parasitism, as the latter would be mediated through intake of highly fermentable fibre (Petkevicius et al. 2003) . Furthermore, it has been shown that reducing nutrient demand in lactating sheep resulted in a reduced degree of parasitism without affecting food intake per se (Houdijk et al. 2003b) . The latter supports the view that changing gut environment through changes in food intake per se is not necessarily required to affect parasitism.
This discussion supports the view that the observed reduced level of parasitism in the present experiment likely resulted from effects of protein supply on expression of immunity to N. brasiliensis. However, future studies may confirm this through assessing underlying immune responses. In addition, this N. brasiliensis re-infected lactating rat model may also be used to: (i) re-examine the discrepancy between effects of protein and energy supply on parasitism, as its monogastric nature allows more rigorous testing than possible in the ruminant host; (ii) confirm the absence of effects of changes in gut environment on gastrointestinal parasitism.
Food intake of the infected rats during lactation was temporarily reduced relative to the non-infected controls on day 4 and to a lesser extent on day 5, i.e. days 2 and 3 after infection. Although this pattern is consistent with anorexia observed during the first days following a single infection with N. brasiliensis in parasite-naïve rats (Mercer et al. 2000) , more observations of the effects of infection on intake in (partially) immune animals are required to establish its significance, as the scarce information available suggests that anorexia is not likely to occur during a secondary infection ). The infection with N. brasiliensis did not affect averaged DM intake, maternal and litter body weight during lactation, although there was a tendency that the non-infected, lactating HP rats grew faster than their infected counterparts over the total lactation period. Therefore, it remains unclear what caused the lower than expected food intake in Houdijk et al. (2003a) , but it was unlikely a consequence of the rodent -parasite model used. The absence of an effect of infection on litter weight in the LP rats during lactation supports the view that scarce nutrient allocation to milk production takes priority over expression of immunity (Coop & Kyriazakis, 1999) . This is because in the converse situation, i.e. had immunity been given a higher priority than milk production for the allocation of scarce nutrients, infection would be expected to have penalized litter growth.
The previously infected rats had higher DM intake and growth during late pregnancy than their non-infected counterparts, which was reflected in larger natal litter sizes and maternal body weights. These unexpected effects agree with observations from wild-type house mice, infected with the gastrointestinal nematode parasite Heligmosomoides polygyrus, which produced more pups than their non-infected counterparts (Kristan, 2004) . However, in the present study, these results were obtained at times when the rats were not actually being challenged. This suggests that the host immune status, rather than infection or immune responses per se, may be involved in modulating (scarce) resource allocation to reproductive effort. This hypothesis may provide some explanation for why the non-infected rats did not increase their intake to achieve a similar reproductive output.
DM intake of the LP rat was considerably lower than DM intake of the MP and HP rats (Fig. 3) . A low intake on low-protein foods during lactation has been observed across species, e.g. in rats (Pine et al. 1994) , pigs (Mahan & Mangan, 1975) , sheep (Houdijk et al. 2001b ) and dairy cows . It is unclear why lactating animals do not increase food intake to achieve higher protein intake from LP foods. It has been suggested that lactating animals cannot metabolize the associated excess energy, at times of body fat mobilization (Pine et al. 1994) . However, Tolkamp et al. (1998) suggested that such excess energy could be put into non-protein milk solids and body fat. Intake of LP foods may also be constrained by an inability to lose heat to the environment (Emmans & Kyriazakis, 2000) . However, this cannot have played a major role, as heat production will undoubtedly have been much larger in the MP and HP rats.
In conclusion, the results from the present study support the view that a secondary infection with N. brasiliensis in lactating rats is sensitive to dietary protein content, and that the latter infection does not impair food intake. As feeding HP foods was associated with increased food intake per se, additional studies would be required to exclude the possibility that these effects are the result of (i) an increased intake of non-nitrogenous food ingredients or (ii) changes in gut environment into one less favourable for parasite survival. However, having demonstrated the nutritional sensitivity of a secondary N. brasiliensis infection in the lactating rat, it is now timely to elucidate the nutritional sensitivity of underlying immune responses in future studies.
